A new transportation system for future lunar robotic missions should be designed in the frame of the ROBEX project. This system should be able to adapt to different types of payload and different landing sites. First, three different missions during which a LOFAR (low frequency array), a habitat and an ISRU (in-situ resource utilization) plant should be installed and put into operations robotically on the surface of the Moon are defined. The emphasis has been put on the characteristics which have an influence on the design of the transportation system: the payload mass, the dimensions and when required the frequency of the missions. It is followed by the preliminary design of a reusable lunar resupply vehicle. This vehicle is the first element of the modular transportation system under study. As a first step the results of the trajectory analyses and structure pre-sizing, are presented, for this vehicle which should fly at least twice a year from the Moon surface to a low lunar orbit and back.
Introduction
In the frame of the ROBEX project (Robotic Exploration of Extreme Environments) conducted by several research institutes and universities across Germany with cooperation of international partners, modular robotic missions to the Moon are under consideration. One of the tasks of this project funded by the Helmholtz Association is the preliminary design of a transportation system between the Earth surface and the Moon surface. This analysis is being performed in the division for Space Launcher Systems Analysis (SART) of the DLR (German Aerospace Center) Institute of Space Systems in Bremen, Germany.
One of the characteristics of the ROBEX project is to consider modularity in the design of the missions. In other words, the hardware to be used on the Moon shall be based on standard platforms developed within the ROBEX project and able to easily accommodate different types of experiments and/or subsystems, depending on the requirements of the mission. 1) In addition, the hardware should allow the mission lifetime or capacity to be extended or even enable new goals with existing hardware with a limited amount of additional modules. Such a rationale should guarantee a high level of sustainability for a possible lunar robotic exploration program.
Consequently, the transportation system between the Earth and the Moon should also be modular and able to complete different missions, with different payload types for different landing sites. In order to increase the sustainability for use over multiple missions over several years, reusable segments of the transportation system will also be considered in the preliminary design and compared to more classical expendable systems. This will include, among others, a cargo transfer vehicle with chemical or electric propulsion, and a lunar resupply vehicle flying between lunar orbit and the Moon surface. This paper presents, firstly, an overview of the transportation system which is under consideration within ROBEX. This transportation system is designed for a large range of missions. In addition to the baseline active seismic network mission (ASN), 2) three other missions have been the object of a preliminary sizing with an architecture study performed at DLR in Bremen. The components required for these three missions: LOFAR (Low Frequency Array), lunar habitat and ISRU (In Situ Resource Utilization) are described in section 3. The outcomes of primary interest were the payload mass and volume which are playing a large role in the definition of the transportation system. Finally the last section gives an overview over the preliminary design of a reusable lunar resupply vehicle required by the lunar habitat.
Transportation System Overview
The purpose of the transportation system under investigation within ROBEX project is to carry determined payloads from the Earth to the Moon surface and potentially back to Earth. Some existing launch vehicles, which are all optimized for missions to near-earth orbits, could be used for some of the missions considered within ROBEX, such as the deployment of an active seismic network on the Moon surface.
2) However some other missions require much larger payload mass which cannot be launched at once by any of the transportation systems available today. In addition, while the transfer from Earth to the Moon vicinity could be performed by some existing upper stages, no existing vehicle is currently able to perform a lunar orbit insertion, a landing and eventually to take-off again from the Moon. Although previous systems with these capabilities such as the vehicles designed for the Apollo program were able to reach different sites at the surface of the Moon and bring different sets of equipment and experiments, modularity was not the central driver during the design. Consequently a completely new transportation system is considered.
The transfer from the Earth to the Moon is split in three main phases: the launch to a Low Earth Orbit (LEO), the transfer from Low Earth Orbit to a Moon orbit, and the descent and soft landing on the Moon surface. As the main goal is to transport various payloads such as those defined in section 3, a design process is used that follows the mission sequence in reverse order. Namely, the transportation requirements enforced by the payload are determined to size the lander; the lander design is used as an input for the design of the transfer stage, which then respectively influences the size of the launch system. In the frame of this work, firstly the payload to be delivered to the lunar surface was defined in terms of mass and volume with as few constraints as possible. This was performed during the ALUNIR concurrent engineering study, in summer 2014. Following the definition of the payloads, the landing system has been designed and sized accordingly. This present paper outlines the aforementioned payload definitions and successive sizing of the landing system. Future work will consider the transfer vehicle, the design of which will be impacted by the landing system. Subsequently, the launch vehicle will be sized to bring the previously defined elements to LEO.
In order to optimize the sustainability of the transport system, different options will be considered and in particular reusability. Reusability can for instance be applied to the Moon lander in the case where oxygen is gathered on the Moon (see section 4). For the transfer vehicle, reusability might be less attractive due to the relatively large ΔV to overcome to carry the propellant for refueling, as long as the propulsion is chemical. In the case of electric propulsion the penalty due to the large ΔV to reach the low earth orbit is less important due to the smaller mass of propellant needed for refueling the transfer vehicle. Finally part of the launch vehicle, in particular the boosters and/or first stage can be made reusable. Expendable vehicles will also be considered to assess potential gains of one option over another. The best way to combine the vehicles to achieve the missions will be also analyzed to keep the transportation system modular.
Pre-sized Missions
As a first step, three lunar mission concepts have been the object of architecture study, called ALUNIR, at DLR Bremen Concurrent Engineering Facility in June 2014.
3) The goal of this study was to define the main characteristics (amongst others: mass, volume, number of modules, resupply frequency) of the payloads to be brought to the lunar surface by the transportation system. These characteristics constitute requirements for the sizing of the transportation system. Note that the scientific aspects were not considered in details during the architecture study, as the design relies on other studies performed previously by ESA or NASA and in which the scientific aspects had a more central role.
LOFAR
The aim of the first mission is to deploy a LOFAR (Low Frequency Array) on the far side of the Moon with the help of rovers. The preliminary design is derived from the ESA study: "Very Low Frequency Array on the Lunar Far Side".
4) The designed LOFAR is a radio-telescope made out of up to 300 small antennas and at least one central station able to receive good resolution signals at a frequency situated between 10 and 240 MHz. During the architecture study, the analysis considered the ways to transport and automatically, with the help of robots, install the antennas. According to the ESA study 4) , a specific pattern made out of three spiral branches is well adapted to the LOFAR. In this case, the antennas can be up to more than 40 km away from the central point of the LOFAR. This large distance has several implications:  the antennas should be autonomous with respect to their power source  the landing site should be situated in a large, flat area to ease the installation of the antennas  the antennas should be able to communicate with the central station  the rover(s) deploying the antennas should have a sufficient autonomy and life time In order to guarantee the autonomy of the antenna regarding power, the remote unit platform pre-developed for the active seismic network 2) is reused, as shown in Fig. 1 . The resulting LOFAR antenna element is a simple, box-shaped, deployable system that can easily be transported in numbers on a rover or on a lander. It is designed according to the ROBEX strategy and uses standardized module sizes and interfaces. A combination of solar cells, batteries and insulation (or potentially the Phoenix concept) 5) should allow the antennas to perform their mission and survive lunar nights even close to the lunar equator.
Indeed, in order to maximize the field of view of the LOFAR and limit as much as possible the disturbance from the Earth, ESA stated that this radio-telescope should be installed on the far side of the Moon at a minimum of 30° from the limb and close to the equator. Only few large flat areas fulfil these requirements. The Tsiolkovsky crater is the largest and most attractive of all these options. In order to deploy the 300 antennas, each of which with a mass of about 5 kg; three different types of rovers were considered. The smallest rover is the same as for the ASN mission. It is derived from ExoMars, and can carry up to six antennas over few tens of kilometers. The second type of rover, the medium rover, is similar to Curiosity and can carry up to 33 antennas as far as 150 km. Finally a large rover based on the Tri-athlete rover of NASA is considered. It is assumed that it can carry up to 100 antennas and cover a distance of up to 500 km. A simple optimization of the route has been performed to determine how many rovers are needed to deploy the antennas while varying the number of landers. In terms of payload mass to land at the surface of the Moon, two solutions give the best results. The first one requires one lander and one large rover, the second three smaller landers and three medium rovers. All options with the same small rover as for the ASN mission seem impracticable. This is due to the large number of antennas that have to be deployed and the very limited payload capacity of the small rover. The preferred option is the one with three landers and three medium rovers which is the fastest option in terms of deployment duration. Deployment takes less than one lunar day (i.e. 14 terrestrial days) when the durations for battery charging and antenna charging/discharging are not taken into account. It also offers a higher redundancy level. The solution with one lander and one rover is the backup solution, which might still be preferred in the future, as the habitat and ISRU missions are expected to require a larger lander. The large rover can drive 50% faster than the medium rover but has to cover a much larger distance. First estimations show that the deployment of the antennas would take about 27 terrestrial days with one large rover.
The landers are used as relay stations. At least one of them should be equipped with a 9 m high mast to be able to communicate with the antennas situated the furthest from the center of the spirals. Communication with the Earth requires a relay satellite located, for instance, on a halo orbit around the Earth-Moon Lagrange point L2. The relay satellite is however not considered in the mass budget. In total for this mission a payload mass of 4.1 tons has to be delivered to the surface of the Moon. No resupply mission is necessary. The mass breakdown is given in Table 1 . 
Habitat
The second type of mission is linked to the third one described in section 3.3. Mission two consists of robotically establishing a lunar base with a habitat, its support systems and a power plant in a non-polar region. This mission is considered in combination with the ISRU mission described in section 3.3 and a re-supply vehicle (section 4) intended to sustain the habitat.
The habitat and peripheral equipment were sized for a nominal crew of 4 astronauts with some margin for crew hand-over. Due to the higher cost to get to the Moon than to the ISS and the presence of gravity, it was estimated that a nominal duration of one year for the stay of each crew was acceptable. However cargo resupply missions are planned to occur every 6 months.
The location of the habitat is assumed to be on the visible side of the Moon in a Mare region (i.e. a non-polar region). The main challenge with this location is to deal with the lunar nights (about 14 terrestrial days) from an energy and thermal point of view. The power consumption for the habitat has been estimated to about 85 kW. Moreover, the power plant of the habitat will have to provide an additional 85 kW for the ISRU plant (see section 3.3) which is intended to produce LOx for the reusable lunar resupply vehicle (see section 4).
The life support system (LSS) has been based on a design published by Hanford.
6) The biomass section was, however, substituted with a greenhouse derived from the one designed during the C.R.O.P.-Container CE-study.
7) The LSS also controls the thermal, water, waste and atmosphere management. The total mass is 36 tons (including system margins) of which 24 tons are dedicated to the sole greenhouse. Note that the thermal management is performed with radiators and MLI.
The habitat itself is made out cylindrical, rigid modules. While other shapes and the possibility to use inflatable modules have been considered; the lack of experience leads to a more traditional concept. The pressurized volume per astronaut has been derived from the ISS, leading to a habitat volume of about 870 m³. Note, however, that the available volume is much smaller once all systems have been installed inside the modules. The baseline architecture considers eight modules arranged as two "+" around nodes each connecting four modules. For safety reasons, the habitat is also equipped with two airlocks, one on each side of the habitat. The mass of each rigid module has been computed to be 7.6 tons. An airlock has a mass of 3.2 tons kg and a node of 2.6 tons.
Another important aspect for a habitat on the Moon surface is the shielding. The habitat should protect the astronauts against micro meteoroids and solar storms. Three options have been considered: increasing the thickness of the walls, using water to protect against solar storms, and using lunar regolith. While the two first options are linked to a large mass to be transported from Earth, the third option only requires the tools to gather the regolith. According to Eckart 8) a thickness of 90 cm of regolith should cover the whole habitat to guarantee a sufficient level of protection. In total 800 to 1000 tons of regolith is needed to completely cover the habitat, if it is installed partially buried, see Fig. 2 . If an ISRU plant is operating in the vicinity of the habitat, three or four months of operation would be sufficient to produce enough waste regolith. The regolith is intended to be put in "sandbags" to ease the handling by robots and avoid slip-off. It was estimated that about 6 tons of equipment are needed to build the shielding. In addition to the bags, regolith packing and placing devices will be required. Two types of energy source have been considered for the power generation: solar energy and nuclear energy. Whereas the first one is classical for space mission, the choice of the latter, for which the public acceptance is limited, is motivated by the need to survive the long lunar nights with no possibility to reduce the power demand of the habitat. Even if the ISRU plant can be switched off during the night to save some power; it would be very tricky to store enough energy to survive the whole Moon night duration without nuclear power. Different mixes between solar power and nuclear power have been analyzed. The baseline considers that 75 % of the power demand will be provided by the nuclear reactor and that the 25% left will be provided by solar cells coupled with a fuel cell. In order to limit radiation levels in the vicinity of the reactor without large shielding, it shall be buried in the regolith. The mass of the nuclear power system is 8.1 tons. 8.4 tons for the solar panels and fuel cells is additionally considered. An interesting option in the case of the fuel cell is the use of a TRESS (Thermochemical Regenerative Energy Storage System) developed by ATK 9) which avoids a bulky storage system for O 2 and H 2 .
From a logistical point of view, all modules except the greenhouse can be transported and installed by a large rover such as the Athlete from NASA.
10) It can carry up to 14.5 tons and has a mass of 2.7 tons with margins. The design of the greenhouse should be adapted so that it can be assembled from two or three modules, to make it also transportable by the Athlete rover and limit the size of the lander. This should allow a fully-robotic assembly of the lunar base. Once in operation consumables and equipment will also have to be re-supplied at least twice a year, as shown in Table 2 . Every six months about 2.85 tons of resupply will have to be transported from the Earth to the Moon.
Landing this payload on the Moon could be achieved by a reusable lunar SSTO (Single Stage To Orbit). A rough analysis has been performed in the frame of the ALUNIR study. It was then followed by a more comprehensive preliminary design of this vehicle, called the Reusable Lunar Resupply Vehicle (RLRV) and presented in section 4. The total mass to land on the Moon for the completion of the habitat is about 175 tons including 20% system margin. With the exception of the greenhouse, which is expected to be carried in several parts the heaviest component which has to be transported, as one piece, is the nuclear power system with 8.1 tons. The mass breakdown of the payload to be carried is listed in Table 3 . 
ISRU
The third mission considers the robotic installation and operation of an ISRU (In-Situ Resource Utilization) plant to extract O 2 from the Moon regolith. This O 2 is then planned to be used solely as propellant for a reusable lunar SSTO vehicle that will perform missions from lunar orbit to lunar surface, in both directions, in particular for resupply missions to the habitat. Due to the fact that the oxygen present in the regolith is extracted from molecules in which the oxygen is bound to metallic atoms (in the case of ilmenite, titanium atoms), it is not planned to use the oxygen gain by the ISRU to supply the air of the habitat with fresh oxygen. Based on the LOx requirement for the RLRV assessed during the ALUNIR study, the ISRU plant should be able to produce 22 tons of oxygen per year through ilmenite reduction with hydrogen. Details concerning the working principle of the ISRU plant are given by Braukhane 11) and Dumont.
3) This oxygen extraction method is quite energy intensive, in particular because of the heating of the regolith and of the electrolysis of water. Consequently, the plant will be switched off during the lunar night, as the regolith heating would not be able to directly rely on solar light. As a matter of fact the heating of the regolith which requires a power of 40 kW is intended to be performed with a solar concentrator equipped with a sun-tracking mechanism. An equivalent diameter of 8.5 m will be sufficient to gather this power considering a total efficiency of 50%. The total mass of the ISRU plant, including the devices to process the regolith, extract the O 2 and liquefy it, has been estimated with 8.6 tons and a volume of 35 m³.
The design of the ISRU plant is based on an O 2 production rate of 5.1 kg/hour. Using conservative efficiencies, the regolith input has been estimated with about 840 kg/hour. To gather such an amount of regolith and carry it to the ISRU plant, different scenarios have been compared. The regolith will be first gathered by excavators. It has been decided to consider a swarm of RASSOR excavators. 12) Then it was assessed whether the excavators should bring the regolith directly to the ISRU plant, or if a supply chain involving rovers should be used to transport the excavated regolith. In the case of an excavation field of 100 m x 100 m situated 500 m away from the ISRU plant, analyses showed that the optimal solution consists of 24 excavators and a very large rover of the Athlete type, which could be shared with the habitat (see section 3.2). The total mass of the logistic systems including the excavators and two skips but without the large rover shared with the habitat mission is about 4.3 tons.
Finally the last piece of equipment needed for the ISRU mission is linked to the storage of LOx and LH2 over long periods. This is required as the tanks of the reusable lunar resupply vehicle are not designed to keep the temperature of these propellants at an acceptable level during several months. The storage of LOx and LH2 is planned to be done in two spherical tanks covered with 240 mm of MLI and equipped with cryo-coolers. The storage should be able to accommodate slightly more than 13 tons of LOx and slightly more than 400 kg of LH2, with the corresponding cryo-coolers requiring a power of about 400 W and about 1000 W, respectively. It was estimated that the total storage system will have a mass of about 1.7 tons.
The total mass to land on the Moon for the completion of the ISRU plant including storage and logistics is 17.5 tons, including 20% system margin. The corresponding mass breakdown is given in Table 4 . The largest component is the ISRU plant itself with 6.8 tons. In other words, the requirements of the ISRU mission on the transportation system are not as demanding as those of the habitat mission. Designing the transportation system for the habitat would therefore also satisfy the requirements for the ISRU mission. 
Transportation system requirements
Based on the previous subsections, it appears that the mass to be landed on the Moon to perform the various selected missions is spreading over a large span and is amounting to a total of almost 200 tons for the three missions together. However each mission requires different subsystems which can be transported separately to the Moon and interconnected with limited effort on the Moon surface. None of these subsystems "building blocks" is heavier than 8.1 tons, which is the mass of the nuclear power plant (see section 3.2). Consequently a lander capable to softly land 9 to 10 tons on the Moon surface would be sufficient to complete the three previously described missions.
In addition to this hardware, a transportation system should be able to land every six months about 2.85 tons of payload to re-supply the habitat and the ISRU. This can be achieved by a reusable vehicle using LOx produced from Moon regolith and described in the following section.
Reusable Lunar Resupply Vehicle (RLRV)
As stated in section 2, the first element of the transportation system which has been pre-sized is a lunar lander. Due to the particular characteristics of the habitat and the ISRU plant demanding regular resupply missions, a reusable system is considered first.
Rationale
The main purpose of the reusable lunar resupply vehicle (RLRV) is to bring, from low lunar orbit to the lunar surface, the payload needed to resupply the lunar base every six months. The requirement in resupply payload coming from the Earth for the habitat and the ISRU plant is summarized in Table 2 . As the habitat mission is planned to run for several years, using expendable resupply vehicles is not the optimal solution, as far as cost is considered. Indeed, in the case of an expendable resupply vehicle, a new one would need to be launched every six months to resupply the habitat. This expendable resupply vehicle would probably have a mass of few tons. But in order to inject it from the Earth surface into a low Moon orbit, on can estimate that a several hundred tons heavy launch system would have to be used each time. Moreover the surrounding of the lunar base would rapidly be crowded with used landers. For these reasons, a reusable vehicle is being pre-designed. At preliminary design completion, a comparison with a classical expendable vehicle is planned.
Mission sequence
The idea behind the reusable lunar resupply vehicle is to minimize the mass of payload to be carried from the Earth surface to make the resupply mission more cost effective. Only the payloads listed in Table 2 and the hydrogen required for the ascent of the RLRV will have to be brought from Earth at each resupply mission every six months. The LOx, which contributes to the main part of the propellant mass for a LOx/LH2 system, will be produced on the Moon by the ISRU. The reason for the choice of LOx/LH2 as propellant is explained by the higher specific impulse that can be reached with this combination of propellants and the relative light mass of LH2 (which has to be carried from Earth), compared for instance to kerosene or methane which also could be used with oxygen. The main drawback of LH2 is its poor storability. An active cooling system is foreseen for the stationary tank on the Moon (see section 3.3). For the transportation segment from Earth to low lunar orbit, a thermal analysis should reveal whether such a system will be also required on the transfer stage. The reusable lunar resupply vehicle, itself, will have only short duration missions. After the fueling procedure on the Moon, the RLRV will take off towards an insertion orbit 15 x 100 km (the inclination depends on the site of the lunar base). At the aposelene, the RLRV will re-ignite its main engine to circularize its orbit and dock with the transport vehicle coming from the Earth with the resupply freight. After an automatic transfer of this payload on board of the reusable lunar resupply vehicle, the main engine will reignite a first time to decrease the periselene from 100 km to 15 km. The powered descent towards the Moon surface will be started from the periselene.
Landing procedure
To ease the transfer of the payload, the landing site of the RLRV should be as close as possible to the other elements of the lunar base. However due to the particular conditions on the Moon (no atmosphere, low gravity), limitations on the landing site and the approach trajectory of the incoming lander have to be considered. Indeed, the engine of landing vehicles can blast away dust over long distances (up to several kilometers) and harm or even destroy equipment on lunar surface. Such problems have already been identified for lunar artefacts, for instance those left by the Apollo missions. NASA published recommendations to help protecting and preserving its lunar artefacts. 13) In order to avoid harming the ROBEX equipment already on the Moon surface, these guidelines are also applied. As a first assumption, the radius of the exclusion area is set at 2 km (as stated by NASA). This value should be however checked in the future, depending on the equipment. It could also make sense to reinforce some equipment or to build protection dikes with regolith to allow closer approaches and landings. The exclusion area should not be overflown or entered even in case of system failure during the descent. Consequently, any approach trajectory should be tangential to the exclusion area. Note that this guideline also applies to ascent trajectories. In the selection of the landing point of the RLRV, the landing accuracy has also to be taken into account. In designs currently under study such as in the frame of the NEXT-MOON activities of ESA, a GNC (Guidance, Navigation and Control system) solution with a precision better than 200 m has been studied and is qualified as "challenging". 14) Fig. 3 . Proposed configuration for a landing with two beacons (one on a lander and one on a rover). The approach trajectory and landing site of the incoming spacecraft are shown in green.
In order to improve the landing accuracy, it is possible to assist the GNC from the ground with, for instance, the use of beacons. Such a solution would be relatively easy to achieve in the case of a resupply mission, as equipment will already be on the lunar surface. A concept is shown in Fig. 3 . A first beacon is placed on a stationary element such as a lander or a module. A second beacon is placed, after the first one has been installed, on a line so that this line passes through the landing site and is perpendicular to the line passing through the landing site and the first beacon. It can be shown that this configuration optimized the landing accuracy. 15) Analyses of this solution are currently on-going and are already showing encouraging results. In particular, Bora 16) demonstrated that accuracy of less than 15 m can be achieved with systems relying on a single beacon. To achieve this level of accuracy, the lander is in a first time relying on an IMU (inertial measurement unit), crater navigation (image processing) and a laser altimeter; then when getting closer to the surface the 2 km 2 km beacon is improving the navigation system. Consequently it seems very reasonable to take the value of 15 m accuracy as a target for a system using the aforementioned sensors and an additional beacon. Note however that in the present preliminary analysis, the navigation system is not directly considered in the descent trajectory computation. Possible navigation errors are considered through a propellant reserve mass equal to 5% of the total descent propellant mass.
RLRV preliminary design
A first iteration of the preliminary design has been performed during the ALUNIR study. Through an iterative process including trajectory analysis (see subsection 4.5), structural analysis and mass estimation, a preliminary design of the reusable lunar resupply vehicle has been performed.
As a baseline, a gas-generator engine running on LOx and LH2 is chosen. The design has been derived from the one of Ariane 5 ECA upper stage engine HM7B. A slightly lower pressure, 35 bar, has been selected with the goal to increase the lifetime of the engine. The mixture ratio has been set at 6 to keep the vehicle compact and limit the amount of LH2 which has to be brought from the Earth. The expansion ratio is kept constant at 83, as for HM7B. The engine should be re-ignitable and re-usable; consequently the components have to survive several cycles. This was modelled by lower efficiencies for the different components of the engine compared to expendable engines. A preliminary cycle analysis estimated the specific impulse with 440 s. This is 6 s less than for HM7B. While throttleability will be considered more in details in subsequent studies, it has not been selected during the preliminary design. Trajectories have been found which allow soft landings with a constant thrust of the main engine. Fine tuning is then achieved with change in pitch angle and use of auxiliary thrusters. Two different thrust levels: 25.9 kN to 34.5 kN, corresponding to mass flow rates of 6 kg/s and 8 kg/s, respectively, have been selected for the analyses. Higher thrust levels have also been considered but discarded early in the preliminary design process due to too low benefits over lower thrust engines.
For the tank and structural design, a separate-tank architecture has been selected to limit heat transfer between the LOx tank and the LH2 tank. The tank diameter has been set to 2.6 m. During its nominal resupply operation, the RLRV will not fly with both tanks full at the same time. During descent only the LOx needed for the descent will be on-board, whereas the LH2 tank will be full with the propellant needed for the descent and the next ascent. During the ascent, the LOx tank will be full with the oxidizer needed for the ascent and the descent; the LH2 tank will contain only the propellant for the ascent. Under these conditions, it appears that tanks with capacity of up to 8 tons of LOx/LH2 with a mixture ratio of 6 are sufficient to perform both the ascent and the descent. This is even slightly larger than what is needed for the resupply operations. But setting the size of the tanks to 8 tons allows the use of the RLRV as an expendable landing stage for the components listed in section 3. Descent trajectory simulations have been performed in the case of a RLRV starting its descent with full tanks. With the 25.9 kN engine, up to 9.6 tons of payload can be landed on the Moon. This value can be increased up to 11.4 tons with the 34.5 kN engine. More powerful engines are considered as oversized.
A preliminary structural sizing and optimization has been conducted with the help of the beam theory for the tanks' structure, which is intended to be the backbone of the RLRV. Loads during the descent and ascent phases of the nominal operation of the RLRV are not dimensioning. As a matter of fact, loads applied on the structure during the launch from Earth towards the Moon before the first utilization of the RLRV are expected to be the dimensioning ones. As the launcher will be designed at a later moment in the project, it has been assumed that the sum of the static and dynamic loads will not exceed 5.5g during the launch. A preliminary layout of the resulting structure, after optimization, is shown in Fig. 4 . Both tanks are monocoque structures whereas the non-pressurized structures are stiffened with the help of stringers and frames. Rod structures without skin have not yet been considered. With this design, and including all subsystems required to fly the RLRV (except the engine), the structural index is estimated to slightly more than 15%. Note that the mass of the tanks and payload bay to carry the equipment listed in Table 1 is taken into account separately. 
RLRV trajectories
The trajectory analyses and optimizations have been performed with the DLR in-house tool tosca. For this assessment, this software has been updated to the version 1.25, offering the possibility to compute descent and ascent trajectories towards/from the lunar surface, while using up to four zonal harmonics of the Moon gravitational model LP150Q. 17) The starting point for the descent trajectory is a circular low lunar orbit at 100 km altitude. A first boost is performed to decrease the periselene to 15 km. When the RLRV reaches the new periselene, the main engine is ignited again and stays at full thrust until the landing. Different strategies have been tested to minimize the propellant requirements. It was found that the most economic strategy consists of keeping a constant angle, as close as possible to 180°, between the thrust direction and velocity direction (thrust angle of attack) through the entire descent phase. Other strategies with phases for which the thrust angle of attack (TAoA) was 180° and phases during which the TAoA had to be set quite far away from 180° to reduce the vertical velocity always required more propellant. This preliminary strategy which will be refined later on was used to determine the propellant required for the descent.
In the baseline with the 25.9 kN main engine, 3090 kg of propellant are needed from the periselene at 15 km to the soft landing on the Moon surface (velocity smaller or equal to 2 m/s) after about 515 s. With the 34.5 kN engine the propellant required is less: 2875 kg. The corresponding trajectories are shown in Fig. 5 and Fig. 6 .
For the ascent trajectory a pattern similar to launches from the Earth is followed. The trajectory is starting with a 5 s long vertical ascent. Then during the five following seconds the pitch angle is slowly changed to initiate the gravity turn. Note that to control a good insertion on the 15x100 km orbit the TAoA is adjusted and optimized. The corresponding trajectories are plotted in Fig. 7 and Fig. 8 for the RLRV with the 25.9 kN and the 34.5 kN engine. After this ascent the main engine is switched off. At this moment the RLRV has a velocity of almost 1.69 km/s and continues on a ballistic trajectory until the aposelene at 100 km altitude where the orbit is circularized. About 2910 kg and 2635 kg of propellant are required for the ascent with the 25.9 kN and the 34.5 kN engine respectively.
Note that for both the descent and ascent trajectories presented in this section, reserve propellant has been considered in addition to the aforementioned masses. These reserves were set at 5% for the descent and 3% for the ascent. Trajectory analyses have also been performed to assess the performance of the RLRV used as an expendable vehicle to land the modules required for the missions described in section 3. In this case the descent is starting with full tanks. Due to the limited thrust/ weight ratio, the altitude increases in a first phase while the velocity is reduced. In a second phase the velocity being low, the altitude starts decreasing. The whole trajectory has a bell shape which is more pronounced than for the descent with the 25.9 kN engine in reusable mode (see Fig. 5 ). As stated in section 4.4 with the 25.9 kN engine, up to 9.6 tons of payload can be landed on the Moon by an expendable RLRV. This value can be increased up to 11.4 tons with the 34.5 kN engine.
Conclusion
In order to specify the requirements of the transportation system, which is under investigation and design in the frame of the ROBEX project, three missions have been considered and pre-sized. All of them involve the robotically assisted deployment of modular infrastructures on the surface of the Moon. The first mission considers the installation of a LOFAR (Low Frequency Array). The two subsequent missions deal with even larger systems: a lunar habitat and an ISRU (In Situ Resource Utilization) plant to produce oxygen. From the analysis and design of these missions, it appears that the largest modules which would have to be landed on the Moon have a mass slightly lower than 9 tons. Consequently a lander able to transport 9 to 10 tons to the surface of the Moon would be needed to enable these missions. This performance could be achieved with an expendable version of the proposed reusable lunar resupply vehicle (RLRV). In its reusable and baseline version, the nominal task of the RLRV is to resupply every six months the proposed lunar base. The RLRV, which has been designed for this particular mission, is built around a LOx/LH2 main engine and tanks able to carry up to 8 tons of propellant. Its LOx would be provided by an ISRU plant on the Moon, whereas the LH2 would have to be carried from the Earth with the other resupply payloads. It would be sufficient to sustain a lunar base and is expected to strongly reduce the mass of payload to be launched from Earth. Further analyses will be performed to assess this gain.
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